Introduction 70
Sea ice plays a major role in controlling the energy budget at the Earth's 71 surface by reflecting a significant part (>90%) of incoming radiation due to the 72 so-called albedo effect. Sea ice also acts as a physical barrier to heat and gas 73 exchange between the oceans and the atmosphere, and contributes to ocean 74 circulation through brine release during formation and freshwater discharge 75 during melting (e.g. Dickson et al., 2007 and references therein). It also 76 experiences large seasonal variations and inter-annual variation can also be 77 significant. Variations in sea ice also influence climate change scenarios 78 beyond the polar regions through tele-connections (e.g. Wang et al., 2005) . 79
However, despite recognition of the key roles that sea ice plays in global 80 climate, with recent reductions in extent and thickness attracting considerable 81 attention (e.g. Stroeve et al., 2012) , long term records of sea ice and 82 variations in its distribution have, until recently, remained relatively scarce, 83 principally due to a combination of the logistical constraints of working in the 84 polar regions and a lack of suitable (proxy) methodologies. Observational 85 records of past sea ice are spatially incomplete and, in any case, rarely 86 extend beyond a few hundred years (Divine and Dick, 2006) , while 87 reconstructions based on geological archives areparticularly challenging since 88 sea ice leaves no direct legacy signature in marine or terrestrial records; 89 however, a number of proxy methods have been developed to specifically 90 address this. Some of these approaches are based on the responses of 91 pelagic or benthic organisms whose distributions and composition (e.g. stable 92 isotopes) are influenced by sea ice cover (for an overview, see de Vernal et 93
al., 2013 and references therein), while others rely on the identification of 94
Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. material entrained within the sea ice itself (i.e. ice-rafted debris (IRD)) which is 95 deposited in sediments following release from melting ice (Andrews, 2009) . 96
97
In recent years, the analysis of the biomarker IP 25 Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation.
Exceptionally, IP 25 has been identified in a small number of sediments from 120 either ice-free locations or those from near permanent ice cover, although 121 these are likely explained by sediment advection and (at least) partial ice melt, 122 respectively (Navarro-Rodriguez et al., 2013; Xiao et al., 2015) . Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation.
145
An alternative approach may be better focussedon improving our 146 understanding of different sea ice conditions (e.g. seasonal ice, drift ice)rather 147 than sea ice concentrations,especially if biological processes,and signatures 148 of these, areparticularly characteristicof the former. Indeed, establishing 149 parameters such as the winter/summer ice margins or sea ice seasonality are 150 especially important since they are used as boundary parameters in climate 151
forecasting and hindcasting models. In this respect, PIP 25 data have also 152 beeninterpreted in terms of categorisation of sea ice conditions (Müller et since the magnitude of c is dependent on both the number and nature of the 168 samples from which it is derived, outcomes from surface calibrations and 169
Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. downcore records may be modified dramatically, for example, simply on the 170 basis of which sedimentary sections are being analysed. Recently, Xiao et al 171 (2015) suggested that a global c factor might be more useful in this respect; 172 however, the occurrence of significant regional differences emphasizes that 173 selection of the most appropriate value remains problematic. 174
175
A related strategy conceivably involves the analysis of a different lipid 176 biomarker that, like IP 25 , has a well-defined or constrained source, whose 177 production is more closely aligned with certain pelagic (or sea ice) conditions, 178
and has sedimentary concentrations closer to those of IP 25 , thus potentially 179 removing the need to employ a balance factor when calculating PIP 25 indices. 180
In the current study, we apply this approach using a further C 25 HBI 181 lipid,which, like IP 25 , is believed to be biosynthesised by a relatively small 182 number of marine diatom genera yet, in contrast to IP 25 
Regional setting 210
The Barents Sea is a relatively shallow (mean depth 230 m) epicontinental 211 shelf between the north Norwegian coast and the Svalbard archipelago that 212 plays a crucial role in the Arctic climate system, largely, since it contributes to 213 significant heat exchange between the ocean and the atmosphere (Serreze et 214 al., 2007) . Detailed descriptions of the main surface currents in the Barents 215 Sea (and the adjacent northern Norwegian Sea) can be found elsewhere 216 (Loeng, 1991) and a summary is shown in Fig. 2a . In brief, the North Atlantic 217 Current (NAC) delivers relatively warm salty Atlantic water (>2°C; >35‰; 218
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Barents Sea is characterized by large seasonal and inter-annual sea ice 244 distribution changes, largely due to the strong (and variable) influence of 245 inflowing Atlantic Water (AW) (Kvingedal, 2005) . Such changes in sea ice can 246 be readily seen by the locations of the maximum, minimum and median April 247 sea ice extent for the period 1980-2015 derived from satellite data (NSIDC; 248 
Sea ice data 315
In order to place ourbiomarker data into a spatial and recent temporal sea ice 316 context, we obtained estimates of sea ice extent using polyline shapefiles 317 derived from satellite data collectedfor the period 1981-2010 (NSIDC). From 318
Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. these, we identified the individual years of (overall) maximum and minimum 319 extent for April (winter maximum), and the median positionsof the maximum 320 
Biomarkers in surface sediments -characterisation of the winter ice edge 328 and the MIZ 329 330
In total, 102 surface sediment samples were analysed for IP 25 and HBI III. Of 331 these, 75 were also analysed for brassicasterol. Consistent with previous 332 findings, the sea ice biomarker IP 25 was identified in 44 out of 45 (98%) 333 extracts obtained from seasonally ice-covered locations (Fig. 3a) . 334
Exceptionally, IP 25 was also identified in a few (7 out of 57; 13%) sediments 335 from locations south of the maximum winter sea ice extent and this has been 336 attributed, previously, to some likely allochthonous input or sediment 337 advection from locations further up the slope (Navarro-Rodriguez et al., 2013) 338 rather than local (autochthonous) production. In addition, the mean IP 25 339 concentration for locations further north of the median April sea ice edge, with 340 ice also persisting past June(5.5±3.3 ng g -1 ; n=22), was significantly higher 341 (p=0.01)than for locations proximal to the winter sea ice edge (3.1±2.5 ng g -1 ; 342 n=23). We interpret these findings as indicating enhanced IP 25 production 343 (Fig. 3b) . The enhancement of HBI III in 367 this region, especially relative to locations further north, represents a clear 368 reversal intrend compared to IP 25 , and suggestsincreased production during 369 late spring/early summer, which is reduced for locations with longer lasting 370 sea ice cover. However, it is also evident that the mean HBI III concentration 371 for this region of retreating ice edge is substantially (ca. 7-8 times) higher 372 than for the annually ice-free locations, and is thus indicative of the well-373 known enhanced phytoplankton production within the MIZ as sea ice retreats 374 during late spring (April-May) and into early summer (June) (Sakshauget al., 375
2009). 376 377
In order to assess whether the trends observed for HBI III could be identified 378 through other pelagic productivity indicators, we considered the distribution 379 pattern for the phytoplankton marker brassicasterol (Fig. 3c ). In accord with 380 the trends identified for HBI III, the mean brassicasterol concentration was 381 lowest for the region with most persistent sea ice cover (375±177 ng g -1 ; 382 n=22), slightly higher for ice-free settings (695±1200 ng g -1 ; n=33), and 383 highest for locations within the MIZ (1470±1200 ng g -1 ; n=20). However, the 384 relative changes between the three regions were clearly greater for HBI III 385 than for brassicasterol. Most noticeably, the mean enhancement of HBI III 386 between the MIZ and the region with more extended seasonal ice cover 387 (x32.5) was more than eight times that of brassicasterol (x3.9), 388 probablybecause the latter is a common component in marine phytoplankton 389 and its distribution pattern reflects productivity spanning all growth seasons, 390 while the former is likely biosynthesised by a much smaller number of 391 sources, but whose growth is especially favoured by, or at least more tolerant 392 to, the nutrient-rich and stratified upper water column found at the ice-edge. 393
The differences in distribution of brassicasterol between regions may be 394 further complicated or blurred by production of this sterol in certain sea ice 395 diatoms (e.g. Belt et al., 2013 )and other sources (Volkman, 1986) 
Temporal biomarker profiles and identification of sea ice conditions 419
In order to establish whether the dataand outcomes from the surface 420 sediment analyses could be used to provide more detailed descriptions of sea 421 ice conditions over longer timescales, we analysed IP 25 
Olga Basin (northern Barents Sea) 428
Core 70 was retrieved from the Olga Basin in the northern Barents Sea, a 429 location that, in modern times, experiences annual sea ice cover that forms 430 during autumn/winter. Ice retreat occurs during the summer such that the site 431 is normally only ice-free during August and September (Fig. 2b) . Our 432 biomarker record for core 70 covers the last ca. 9.5 cal. kyr BP. IP 25 433 concentration (Fig. 4a) is low during the early part of the record and increases 434 steadily towards recent times, with a core-top value similar to that found in 435 nearby surface sediments (Navarro-Rodriguez, 2014). Anopposite trend is 436 observed for HBI III (Fig. 4b) ; Fig. 3b) . A small decline in the brassicasterol 440 concentration is also observed (Fig. 4c) , but this is not as pronounced as for 441 HBI III, possibly due to a lower sensitivity to the overlying sea ice conditions 442 as demonstrated through our surface sediment data. 443 
4.2.2.Kveithola Trough (western Barents Sea) 466
In contrast to the Olga Basin site, core 11 was obtained from a locationin the 467 western Barents Sea close to the modern maximum winter sea ice extent and 468
Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. thus experiences variable sea ice cover (presence/absence) on an annual 469 basis and, in any case, for shorter periods (e.g. November-April). Consistent 470 with such differences, IP 25 concentrations in surface sediments from the 471 western Barents Sea are much lower than those for the northern Barents Sea 472 (Fig. 3a) . providingeither clarification or further detail to these previous interpretations 485 (Fig. 5) . For example, during the majority of the YD (ca. 13 -11.9 cal. kyr BP), 486 IP 25 concentrations are at their highest values throughout the entire record, 487 after which, a reduction is observedbeginning ca. 11.9 calkyr BP, before 488 reaching consistently lower levels ca. 11.3 cal. kyr BP (Fig. 5a ). The elevated 489 IP 25 concentration during the YD is accompanied by extremely low HBI III 490 abundance which, according to our surface datasets, is indicative 491 ofconsistently long seasonal sea ice covercharacteristic of the northern 492
Barents Sea in modern times (Figs. 3a, 3b) . In contrast, lower IP 25 
and 493
Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. intermittently higher HBI III concentrations can be seen for the period ca. 494 11.5-9.9 cal. yr BP, signifying stable ice edge or MIZ conditions. However, the 495 variability in the HBI III abundance, in particular, suggests that such winter ice 496 edge conditions probably did not prevail throughout the entire interval but 497 were more intermittent, with relatively frequent short-term changes compared 498 to the northern Barents Sea (core 70). Indeed, large temperature shifts have 499 beenrecorded previously for the western Barents Sea during this 500 interval,consistent with a high degree of climatic variability (Hald et al., 2007) . 501
Our data suggest, therefore, that the most severe sea ice conditions for this 502 site only existed during the YD, with reasonably similar-to-modern conditions 503 reached by the early Holocene, whereupon they remained reasonably 504 consistent. Thus, for the majority of the Holocene sections after ca. 7.8 cal. yr 505 BP, IP 25 was either very low in concentration or absent (Fig. 5a ), while the 506 abundance of HBI III (Fig. 5b) was also lower than that observed in the 507 aforementioned intervals and similar to those seen for surface sediments from 508 ice-free locations further south (Figs. 3a, 3b) , indicating only infrequent sea 509 ice cover at the core location. Exceptionally, during the early Holocene (ca. 510 9.9-7.8 cal. kyr BP), absent IP 25 (or below our limit of detection) is 511 accompanied by relatively high HBI III concentrations, although this is not the 512 case for brassicasterol(see Section 4.2.5 for a discussion of this observation). 513
For this core, reduced brassicasterol during the YD followed by elevated 514 levels ca. 11.5-9.9 calkyr BP (Fig. 5c ) also support the notion of a transition 515 from long seasonal ice cover to ice-edge conditions; however, there are also 516 some out-of-phase changes within the brassicasterol and HBI III profiles 517 during this interval, likely further reflecting the reduced selectivity of the 518 formerand input from a range of sources. 519 520
4.2.3.Andfjorden (northern Norwegian Sea) 521
Our third case study (core 1200) represents a location in the northern 522
Norwegian Sea and is thus significantly further south of the modern winter sea 523 ice edge (Fig. 2) . Not surprisingly, therefore, IP 25 is absent in all surface 524 sediments from nearby locations along the NW Norwegian coast (Fig. 3a) . and HBI III, with alternating high and low abundances throughout the YD (Fig.  560   6c) , likely reflecting the variable sources of this biomarker. Finally, and again 561 consistent with observations made for 11, there is a period (ca. 11.5-9.2 cal. 562 kyr BP) following the disappearance of IP 25 from the record where HBI III 563 concentrations are relatively high, but this is not evident in the brassicasterol 564 profile (Fig. 6) . The same combination of absent IP 25 /high HBI III is also 565 evident between ca.14.0-12.9 cal. kyr BP. 566
In summary, for each of cores 70, 11 and 1200, and for intervals where there 568 is proxy evidence for past seasonal sea ice occurrence (i.e. IP 25 present), the 569 relative abundances and directional changes of IP 25 and HBI III generally 570 oppose each other, suggesting that the observations made for these 571 biomarkers from surface sediments underlying contrasting seasonal sea ice 572 extent in the Barents Seaare replicated in downcore records.In contrast, less 573 consistent trends are observed between IP 25 and brassicasterol profiles, 574
probably as a result of the lower sensitivity of the latter to the overlying sea ice 575 conditions, together with likely input from other (e.g. terrestrial) sources. 576 577
Comparison of PIP 25 indices using brassicasterol and HBI III as 578 phytoplankton lipids 579 580
In addition to establishing (and interpreting) the individual biomarker profiles, 581
we also calculated PIP 25 indices for each of our downcore records using 582 brassicasterol and HBI III as the phytoplankton components (hereafter 583 referred to as P B IP 25 and P III P 25 , respectively).In doing so, we chose to focus 584 on the consistency (or otherwise) in outcomes using each biomarker and, 585 more specifically, the impact of the balance factor c. Thus, for each of cores 586 70, 11 and 1200, PIP 25 data were calculated using the method of Müller et al. 587
(2011), whereby mean sedimentary concentrations of IP 25 and the respective 588 phytoplankton biomarker were used to determine core-specific c values, and 589 complementary datasets, without using this term (i.e. c=1). 590
In all cases, application of the former approach yields similar outcomes when 592 using either brassicasterol or HBI IIIas the phytoplankton marker with, for 593 example, highest PIP 25 values during the YD in cores 11 and 1200 (Fig. 5,6 ), 594 consistent with the interval of most extensive sea ice cover, and increasing 595
PIP 25 values through the Holocene in core 70 (Fig. 4) ; such observations align 596 well with the conclusions based on the individual biomarker profiles. A quite 597 different picture emerges when PIP 25 data are calculated forc=1, however. In 598 particular, a dramatic shift (reduction) in P B IP 25 values is evident for all three 599 cores (Fig. 4-6 ), yetthere are only very minor changesto the P III IP 25 data. The 600 impact of such substantial (c-influenced) changes in P B IP 25 values, and 601 therefore in their interpretation, is illustrated particularly well in the case of 602 core 70, where core-top P B IP 25 values range from ca. 0.9 using the derived c 603 factor, to <0.1 for c=1 (Fig. 4) could not be discounted. Our new HBI III data are not at all consistent with 650 this latter hypothesis, however, so we conclude that ice-free conditions must 651 have prevailed during this warm interval, with environmental conditions 652 probably similar to those from ca. 11.5-9.2cal. kyr BP. 653
654
Determination of the sources (and major environmental habitats) of HBI III is 655 clearly important, therefore, before elevated abundances of this biomarker 656 can be interpreted fully, but we suggest thatquantification of this biomarker 657 has the potential to add to the existing proxies used to probe climatic and 658 oceanographic shifts in the Norwegian and Barents Seas, especially when 659 measured alongside the sea ice biomarker proxy IP 25 . 660 661
Conclusions 662
Analysis of >100 surface sediments from diverse regions across the Barents 663 Sea has shown that the relative abundances of the diatom-derived biomarkers 664 IP 25 and HBI III are strongly dependent on the overlying oceanographic 665 conditions, with the position of the seasonal sea ice edge playing a major role. 666
These observations are consistent with production of these biomarkers from 667 source-specific diatoms, whose habitats are strongly dependent on the 668 occurrence of seasonal sea ice. Thus, IP 25 appears to be produced, 669 selectively, by a small number of Arctic sea ice diatom species, while HBI III is 670 made by other diatom species, whose habitat preference appears to be 671 adjacent to the retreating sea ice edge. The potential for the combined 672 analysis of IP 25 and HBI III to provide more detailed assessments of past sea 673 ice conditions has been tested by their quantification in three downcore 674 records representing contrasting modern settings. The outcomes are not only 675 consistent with previous general findings, but have allowed more detailed 676 descriptions of sea conditions to be deciphered. Thus, for cores 11 and 1200, 677
high IP 25 and low HBI III during the YD are consistent with extensive sea 678 cover, with relatively short periods of ice-free conditions resulting from late 679 summer retreat. Towards the end of the YD (ca. 11.9 cal. kyr BP), a general 680 amelioration of conditions resulted in a near winter maximum ice edge 681 scenario, although this was somewhat variable and the eventualtransition to 682 predominantly ice-free conditions was later for the western Barents Sea site 683 (core 11; ca. 9.9 cal. kyr BP) compared to NW Norway (core 1200; ca. 11.5 684 cal. kyr BP), likely as a result of its more northerly location. In contrast, the 685 northern Barents Sea site (core 70) was characterised by seasonal sea ice 686 cover throughout the Holocene with a gradual shift from winter ice edge 687 conditions during the early Holocene to more sustained ice cover in the 688
Neoglacial; a transition that has undergone something of a reverse in the last 689 ca. 150 yr according to observational records (Divine and Dick, 2006) . 690
691
Our next objective will be to carry out a more detailed investigation into the 692 combined use of IP 25 Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published version for accuracy and citation. radiocarbon ages (Berben, 2014) . 962
963
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